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[Plate 2.] 

1. Introduction. 

The beautiful method devised by Mr. C. T, R. Wilson^^ of making visible 
the tracks of ionising particles, by the condensation of water drops on the 
ions left in their trail, has been used in this investigation to study the 
passage of a-particles through gases. As is well known the tracks of these 
particles appear in these cloud photographs to be very nearly straight except 
for occasional sudden bends due evidently to collision with the nuclei of the 
atoms of gas. These bends occur very much more frequently towards the 
end of the range where the velocity of the particles is low. 

The theory of the occurrence of such close collisions between the a-particles 
and the nuclei, based upon the assumption of a force varying inversely as the 
square of their distance apart, has been given by Rutherfordf and DarwinJ 
and verified by G-eiger and Marsden,§ ChadwickH and others. These investiga- 
tions confirmed in general the hypothesis but indicated a departure from the 
law of force when the two particles approach very close. Now it is also 
certain that at sufficiently great distances from the nucleus, the effective force 
on the particle must be different from that given by the inverse square law 
owing to the partial or total screening of the nucleus by the electrons. An 
investigation of the field at such greater distances can be done most 
sensitively by using particles of such a low velocity that they will not 
approach closer to the nucleus than the distance considered. As no particles 
have been detected with certainty with velocities less than about 0*4 -yo, where 
vq is the initial velocity of the a-particles from radium c, by either the photo- 
graphic or scintillation methods, it is necessary to make use of the Wilson 
expansion system. 

The beginning of the study of the tracks of ^-particles by this method has 

* Wilson, 'Roy. Soc. Proc.,' vol. 87, p. 277 (1912). 

t Rutherford, ' Phil Mag./ p. 669 (1911) and p. 638 (1919). 

X Darwin, * Phil. Mag.,' p. 500 (1914). 

§ Geiger and Marsden, ' Phil. Mag.,' vol. 25, p. 604 (1913). 

II Chadwick, * Phil. Mag.,' p. 923 (1921). 
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been recently described by Shimizu.* The present work, which has been 
carried out under the direction of Sir Ernest Eutherford, is a continuation of 
this and has already led to some interesting results. A statistical study of 
the frequency of the sudden bends in the tracks in both air and argon has 
shown that the velocity of the particles very close to the end of the track is 
as low as ^0/20, while the observed distribution of bends has been found to be 
consistent with the hypothesis that the inverse square law of force still holds 
between the nuclei and 'the particles when their distance apart is of the order 
of 10^ cm. These results do not support the view that collisions of anomalous 
type and frequency occur towards the end of the tracks as has recently been 
suggested by Shimizu.f 

In addition the study of the rare occasions on which an a-particle sets an 
atomic nucleus in rapid motion, giving rise to a branched track, has given 
interesting information about the dynamics of atomic collisions. The collisions 
considered appear to be perfectly elastic, no loss of energy or momentum 
being discovered. However this part of the investigation will be discussed 
in a later paper and our attention at present directed only to the statistical 
investigation of the deflections of the a-particles themselves. 

2. General Method, 

The procedure outlined by Shimizu has been followed closely in this work, 
and consisted in taking a large number of photographs of a-ray tracks, using 
a modified Wilson apparatus and a special camera, which by means of a 
system of mirrors gives on one film two images of the object viewed from 
directions mutually at right angles. The way in which the actual form of 
the track is calculated from measurements of the two images will be described. 
The result is a knowledge of the frequency of occurrence of bends of different 
angle at different distances from the end of the track, which is then 
compared with that to be expected theoretically. 

Before considering this theoretical aspect, a short description will be given 
of the apparatus and its method of use. 

3. The Expansion Chamber, 

The expansion chamber used is one built for Mr. Shimizu, but with the 
reciprocating mechanism replaced by a simple spring action. This shares 
with Mr. Wilson's original design the advantage of obtaining very sudden 
expansions which can be repeated as frequently as required. The arrange- 
ment is shown in fig. 1. The speed of the expansion is regulated by the 

^ Shimizu, ' Eoy. Soc. Proc.,' vol. 99, p. 425 (1921). 
t Shimizu, « Boy. Soc. Proc.,' vol. 99, p. 432 (1921). 
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tension on the spring A and the amount of the expansion by the adjustable 
screw B. A paper scale on the bracket D, serves to measure the range of the 
bar E, and so the expansion ratio. The use of the expansion chamber and 
the coating of the internal glass surfaces with gelatine has been sufficiently 
described by Wilson and Shimizu. The source consists of a thin copper wire 
F, with a polonium deposit on its end. This is held in a carrier (not shown) 
opposite a small hole G in the glass cylinder wall, which is covered by a thin 
mica window of about 1 cm. stopping power. Between the source and the 
window is a mechanically operated shutter, H, worked by the main bar. An 
adjustable screw, J, allows the shutter to be so arranged that the stream of 
^-particles can only enter the chamber at the required moment, that is at or 
very near the bottom of the stroke. This keeps the chamber clear of all but 
sharp tracks. The stream of a-particles is restricted by means of suitable 
diagrams to a narrow cone, the axis of which is a diameter of the chamber. 
In order to facilitate the geometrical reduction of the photographs, the solid 
angle of this cone is kept as small as possible. The dotted lines in the figure 
show roughly the extent and position of the beam of rays. 

The chamber is illuminated by two arc lamps placed symmetrically on 
either side, with suitable condensing lenses, heat-absorbing cells, and screens 
to limit the beams. By this means the two images in the camera are made 

equally bright. 

4e The Camera. 

Shimizu (loc. cit.) described the optical arrangement of the camera, showing 
how the two images viewed from mutually perpendicular directions are 
projected through a single lens on to the film. His diagram is reproduced in 
fig. 2, but with the position of the arc lamps added so as to show the 
symmetrical arrangement. The camera is so placed over the expansion 
chamber that the line of intersection of the two focal planes is coincident with 
the axis of the cone of a-rays. That is, this axis would appear on fig. 2 as a 
line through A at right angles to the plane of the paper. The only modifica- 
tion of Shimizu's arrangement is the method of working the shutter. This is 
done by means of a Bowden wire, actuated by the main bar of the chamber, 
and adjusted so that the photograph is taken just as the expansion is 
completed. This has the advantage that the camera can be moved about as 
required and yet the shutter worked with the correct timing. 

5. Experimental Method. 

The apparatus is set up as has been described, and then the three adjust- 
ments made which are necessary to get good tracks. These are the expansion 
ratio, the speed of the expansion and the timing of the shutter which uncovers 
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the source. This last should occur just before the bottom of the stroke. 
The speed of the expansion can be varied within fairly wide limits, but the 
expansion ratio must be very carefully adjusted. It was shown by Wilson^ 
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that if vi is the initial and % the final volume, then an expansion for which 
^/'Pi has the value 1'25 is necessary to produce the first rain-like drops in 
air, while a value 1*38 marks the beginning of the general fog. The value 
1*33 was given as that which gives the best tracks. These results appear to 
apply to all diatomic gases expanded so rapidly that the conditions can be 
considered as adiabatic. 

Now Wilson concluded that the type of cloud obtained depended only on 
the supersaturation at the end of the expansion, and therefore on the value 
of the ratio of the temperatures 9i and $2- Now this ratio for a gas, the ratio 
of whose specific heats is 7, is given for an adiabatic expansion by the 
relation 

We can calculate, using this relation, the expansion necessary to obtain a 
given type of cloud for any value of 7, using the values of 'y2/'2^i for air given 
above. In this way we find that, for monatomic gases, expansion ratios of 
1*14 and 1*21 are necessary to give the first drops and the fog respectively. 

Now, as there is no convenient way of measuring directly the expansion in 
use, we use these values given by Wilson for air, to calibrate the scale on the 
bracket D, which measures the relative travel of the bar. In this way the 
ratio V2lvi in any experiment is determined with sufficient accuracy. It 
should be noticed that the marked difference between the requisite values of 

* Wilson, lac. cit. 
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V2/V1 for monatomic and diatomic gases, affords a means of estimating the 
proportions of a mixture. This was seen very prettily in one experiment 
with argon, when a leak in the expansion chamber, letting in air, caused a 
gradual change in the expansion necessary to give good tracks. 

When good tracks have been obtained the camera is placed in position and 
as many expansions made and photographs taken as desired. The photo- 
graphs are then all examined, and whenever a track is seen to make a sudden 
bend, the two images on the photograph are measured up by means of a low- 
power microscope fitted with an eye-piece scale and cross- wire. A diagrammatic 
picture of the photograph of such a track is shown in fig. 3. The two images 
are shown slightly separated as they are actually in practice. 




Fig. 3. 

Since the information we desire from such a photograph is the angle cjb of 
the bend and its distance r from the end of the track, the measurements we 
make are of the four angles marked a, yS, a, ^\ and the two lengths Ta and r^. 
The dotted reference lines from which the angles are measured are at right 
angles to the edge of the film, and are parallel to the image of the line of 
intersection of the two focal planes, which latter is the axis of the cone within 
which the stream of a-particles is projected. 

It is now necessary to digress somewhat in order to show how from these 
six measured quantities we can obtain the actual deflection ^, and the distance r 
from the end of the track at which it occurred. 

6. Geometrical Theory. 

The two images are projections of the track upon two planes at right angles. 
If we call the line of intersection of these two planes 0^, and a line in each 
plane at right angles to Oz, Ox, and Oy respectively, we obtain a set of 
rectangular axes, from the origin of which we can draw two lines OP and OQ 
parallel to the actual directions of the initial and final parts of the track. 
Then the angles between OZ and the projections of OP and OQ on the Zx and 
Zy planes respectively, are the four angles a\ ^\ a, ^ which are measured on 
the photographs, as can be seen from fig. 4. 
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If the direction cosines of OP and OQ are /', m\ n\ and /, m, n, and if the 
angle POQ is denoted by <^, we find, using the relation 

cos (j) = W -{- mm' + om' . 
and the four relations 

Ijm == tana, ... etc., 



that 



cos^ ^ = 



(tan a tan a + tan ^ tan ^' + 1)^ 



(1) 



(tan^ X + tan^yS + 1) (tan^ a' + tan^ ^' + 1)' 

which is the expression we require to calculate ^. 

To calculate the length r of the line OQ, of which the projections on the 
planes Zx and Zy are Ta and r^, we have 

(2) 



i-!iS /J/J ^ I fit a OTtl" 



which give 



where 



'i^a+'i'^ sin^ y8 = t^-Yt^ sin^ a, 



7 _ (1 -- sin^ a. %\v? ^y^'^ . J _(!""" sin^ a sin^ /Sy^^ 
cos p cos a 



(3) 



(4) 



The equations (3) and (4) are very convenient, since the values of ka (or Jcp) 
can be read directly from a set of curves of constant ka drawn for all values 
of a and /3, And this is the method always used, except for the cases when 

^ = /3 = 7r/2, 

when equation (4) becomes indeterminate and resort has to be made to 
equation (2). 

Eeturning to the calculation of (f), it will be seen that equation (1) is of an 
inconvenient form, especially when a large number of tracks have to be 
examined, and although it is used in this investigation when special accuracy 
is desired, two other methods have been devised to simplify the calculations. 
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The first of these is based on the fact that, owing to the experimental 

arrangements, the angles a and ^' are small, except on the comparatively 

rare occasions when the bend being considered is subsequent to another 

bend of large angle. 

Now for 

a' = /3' = 
(1) reduces to 

tan^ (\) = tan^ a + tan^ ^, (5) 

while, when all four angles are small, (j> is given approximately by the 
relation 

which to the same order of accuracy can be written 

tan2 ^ = tan2 (a- a') + tan^ (/S-yS'), (^) 

which is of the same form as (5), with (a— a') and (/3— /3') written for 
« and /3. 

It is possible to investigate analytically the errors involved in using (6) 
instead of (1), but it is simpler to compare the two empirically in a number 
of cases. This has been done, and it has been found that this error is small 
when u and /3' are small, provided that a and /9 are not larger than about 45°. 

Equation (6) is convenient, since ^ is given as a function of the two 
variables (u — a) and (/S— /3'), and can therefore be obtained graphically. 
For this reason this method has been employed in all cases when the conditions 
given above are fulfilled. 

Now there is yet another way in which ^ can be obtained, which is of 
special importance when a and ^ are equal to 90° ; for in this case 
equation (1) becomes indeterminate, and the values of r^ and r^ have to be 
utilised to calculate (f). A sphere is ruled, with two intersecting sets of 
meridians at regular intervals, of perhaps 10°, from poles which are 90° 
apart. A photograph of such a sphere is shown on Plate 2, and the 
diagrammatic fig. 5 shows at once the method of use. In this figure the 
two polar diameters are called the axes of x and y^ and the diameter at right 
angles to these the axis of z. Then any direction OP can be specified by a 
point P on the surface of the sphere, and this point P lies at the point of 
intersection of the meridians marked a' and /3'. Similarly, any other 
direction OQ is specified by the two meridians a and /3, And the angle 
POQ is given by the length of the arc PQ, which can be directly measured. 

This method is very simple to use, and has the considerable advantage that 
it reveals at once the order of accuracy of the angle <j6 when obtained from 
any given set of measurements. For this will greatly depend upon the 
particular values of the four angles measured. An approach to the con- 
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dition when ^ is indeterminate will be revealed by the decrease of the awgle 
between the two meridians which fix the point. For the less this angle, the 
greater clearly the indefiniteness in the position of the point. 
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In this case of complete or approaching indeterminateness of cf>, as 
calculated from the four angles alone, the observed value of Tajr^ can be 
iised in addition to fix the point Q, In fact, the sphere can be graduated in 
addition with curves of constant r^/r^, since this quantity is a function of a 
and ^ only. If this is done,*' all swc observed quantities can be utilised in 
the determination of ^, and suitable weight can be given to each of the 
variables. 

The sphere was actually used in the statistical work on all occasions when 
the conditions for the use of equation (6) were unfulfilled. 

For the suggestion of thus usiug the surface of a sphere to simplify the 
geometrical calculations, I am indebted to Mr. D. E. Hartree, of St. John's 
College. 

7. The Method of Using the Results of the Experiments, 

We obtain, as a result of these measurements and the subsequent calcula- 
tions, a knowledge of all the noticeable bends made by a given number of 
ct-particles. Enlarged reproductions of some of the photographs obtained 
are shown on Plate 2. Numbers 2 to 5 are of tracks in argon, and numbers 
6 to 11 in air. The identification of the two images of a given track is 
assisted by noting that the z co-ordinate of any point, that is the distance 
from the bottom of the photograph, is the same in both images. 

In particular, the end of both- images of any track will be found on the 

^ The sphere shown in the plate is not provided with these graduations. 
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same horizontal line. A good example of this is seen in number 6, in which 
five tracks appear, all ending at different distances (marked by arrows) from 
the bottom of the photographs. In the description of the photographs, bends 
will be described by writing the appropriate values of <^ and r in brackets, 
j> being measured in degrees and r in divisions. Thus (20°, 42) means a 
bend of 20° at a distance of 42 divisions from the end of the track. 

The simplest way of representing these results is to mark a point for each 
bend on a diagram on which ^ and o^ are measured along two axes at right 
angles. In fig. 6 is shown a reproduction of part of such a diagram repre- 
senting the results of the experiments with argon. 

Certain cases will arise when two or more bends are made by a single 
a-particle, and in this case, strictly speaking, the deflection of the particle at 
any but the last of these bends should be plotted against the range that the 
particle would have travelled if the subsequent collision had not been made. 
But it will be seen from the theoretical discussion that it is legitimate to 
neglect such a complication. But it must be remembered that not the 
whole of such a diagram is physically significant, since bends of small angle, 
though relatively frequent, are not noticed. Thus the density of dots falls off 
rapidly for small value of ^, and as small angle bends are most easily noticed 
and measured at some distance from the end of the tracks, the limit <^^, 
above which the observed distribution can be said to have any physical 
significance, will be smaller for the higher values of r. 

Towards the end of the track, where bends occur fairly frequently, an 
appearance of general curvature is sometimes found. In most cases such an 
apparent curvature can be resolved into a succession of sharp bends, but 
even when this is not the case, it is still usually possible to decide whether or 
no a track has made a bend greater than some given angle. 

It is now necessary to derive expressions for the distribution to be expected 

theoretically. 

8. The Theory of the Collisions. 

Eutherford and Darwin have given the theory of the frequency of 
collisions between a-parfcicles and the nuclei of atoms, assuming the inverse 
square law and the conservation of kinetic energy and momentum during a 
collision. In order to adapt this theory to the present case, it is also 
necessary to assume that an a-particle of given velocity will travel a definite 
distance before losing its ionising power. This means that for all a-par tides 
the remaining range r and the velocity v are connected by the same relation, 

v^g (r). 

Concerning this last assumption, it has been shown by both Darwin* and 

* Darwin, *Phil. Mag./ p. 901 (1912). 
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Flamm* that the loss of energy of an a-particle to the nuclei of the atoms 
through which it is passing is on the average small compared to the loss to 
the electrons. The probability of variations in the loss of energy to the 
electrons has been calculated by Bohrf and Flamm, and shown to be small. 
Thus, on the average, the a-particles should behave sufficiently similarly 
to justify the assumption. 

Though occasionally large angle bends do occur, in which a large pro- 
portion of the energy is lost to a nucleus, these cases do not appreciably 
affect the average behaviour of the particles. This assumption, however, is 
made less sure by the results of some recent work on straggling, which will, 
however, be discussed later. 

Let M, E, V and m, e, tt be the mass, charge and final velocity of the 
ix-particle and nucleus respectively. Then if V be the initial velocity of the 
^-particle and ^ and $ the deflection of the a-particle and the angle 
between the direction or the final motion of the nucleus and the initial 
direction of the a-particle respectively, then we have 

MV = Mi; cos ip + mu cos 0, 
= Mv sin (ji — nm sin 0, 

From these we derive, following the analysis of Darwin, but writing tj 

for M/m, 

^/V - /(</.), (7) 

and 



m^ 



where 



and 



tan^g=: ^^'" .F(<l>% (8) 

fft\ _ V cos <j^ + (1 — ^^ sin^ ^y^^ 

1 + -?/ 



F (^) = cosec^ (f) [cos ^ ± (1 — ^^ sin^ (]>y^'^f. 

If p be the distance from the initial position of the nucleus to the line of 
approach of the a-particle, Darwin showed that the calculation of the orbit 



gives 



p = tan ^ ---:(— .-I-""). (9) 

If there are N atoms of gas in unit volume, the probability, % that a single 
particle will make a collision for which (j} is less than some given value, when 
travelling a distance dr, is given by 

n zzz 7rp^Nd7\ (10) 

* Mamm, * Wien. Ber.,' Ila, toI. 123, p. 1393 (1914). 
t Bohr, *Pliil. Mag./ vol. 30, p. 581 (1915). 



Analysis of a-Ray Photograjyhs . 305 

In such a collision the particle is deflected through an angle greater than ^. 

From (9) and (10) we get 

e^W /I 1 \^ 

V^- \M ml 
which using (8) leads to 

n='^J{<j>)d.r, (11) 

where 

At this point Darwin's analysis becomes inapplicable to the present case, 
which requires the following procedure. 

Differentiating (11) we get 

dn=:~^r((l,)dij>dr, (12) 

which gives the probability that an a-particle of velocity V makes a collision 
for which ^ lies between <^ and (j>-i-d^ when travelling a distance dr. In any 
collision of this type the particle will have its velocity reduced in the 
ratio ^'/V, but since the total number of collisions in which this ratio is 
appreciably less than unity is very small, the average velocity of the 
a-particles over the distance dr can be considered as unaltered. 
Thus from (7) and (12) we obtain 

dn = '^r (<!>)[/ (<}>)Yd<l> dr. . (13) 

This gives the probability of a collision in which the Jinal velocity is v, and so 
after which the particle has a fixed remaining range r, given by 

Thus (13) becomes 

dn =:Kr (<f>) [ f (<!>)/ g (r)fd<f> dr, 

and the average number P of a-particles which are deflected through angles 
lying between ^i and <^2 with remaining ranges lying between ri and r2 will 
be given by 



QK 



\ Y{4>){f{4>)lg{r)fd<l,dr, (14) 



where Q is the total number of particles considered. 

It will be seen that P is also the average number of dots which may be 
expected to be found in a rectangular area or cell of the distribution diagram 
limited by values ^i, ^2, n, rg. Prom (14), supposing the right-hand side to 
be completely known, we can find P for all the ^/i cells into which it is 
convenient to divide the distribution diagram. The actual numbers found in 

VOL. Oil. — A. X 
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these cells can be counted. A consideration of the relation to be expected 
between the average distribution given by the theory and the actual observed 
distribution, which will of course be liable to chance variations, will occupy 
the next section of this paper. 

9. The Ohance Variations in the Frequency of Bends of Given Type, 

It should be noted that the physical meaning of the average number P^ in 
the rth cell is that average number which would be found in that cell, in a 
very large number of separate experiments, all with the same total numbers 
of tracks, and all conducted under such circumstances that the theoretical 
laws of collision are obeyed. 

Since we are supposed to be dealing with a large number of dots, we can 
consider the total number, S, to be the same in each experiment, in spite of 
the fact that the number is actually liable to chance variations. 

Then all sets of numbers Pi, P2, P3, ... Pn, consistent with the equation 

V P _». Q 

give possible, but not equally probable, distributions. 

I am indebted to Mr. C. G. Darwin for having shown that the mean square 
departure of the observed numbers P^ for the rth cell from the average 
number P.^ is, when all possible distributions are considered, given by 

^,,,_-_-» _ / p^. 

If now we divide by P,., and sum over all the n cells, we find that 



P. \ s / 



since 

If then we write for every distribution. 



V 



KXt ' ^t) 



the average value of F for all possible distributions is given by 

If, then, for any given distribution P has a value not far from (w — 1), we 
conclude that the distribution in question is an average one. But if P has a 
value greater than, say, 37i/2, then the observed distribution is improbable 
and difters markedly from the average. But for physical purposes we can 
interpret a value of P about equal to {n—V) as indicating that the theoretical 
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distribution utilised is the right one, while a markedly larger value indicates 
that the theoretical distribution is wrong. The value of F thus appears as a 
criterion for the correctness of the theoretical average distribution. 

However, it is not possible to calculate F for the observed distribution, 
since the right-hand side of (14) contains the unknown function g (r). But 
the integration with respect to <^ can readily be carried out, giving 

P = QKS (<^i, 0,) f' [g (r) ]-^ dr, (15) 

where 

We can now compare the observed and expected distributions by confining 
our attention to an area of the distribution diagram bounded by two values, 
ri and r2. This area will cover a range of ^ from 180° to ^^, which latter 
will mark the end of the significant part of the diagram. 

Equation (15) gives the relative numbers to be expected in each of the cells 
into which this area can be divided. Their absolute values can be found 
approximately by putting the expected number, P, for the whole area equal 
to the observed number, P. If P is large this can be done without any large 
fractional error. Then the expected numbers for each cell can be calculated 
from (15), and the value of F for the distribution obtained. If this is not 
much greater than (^--1), we conclude that the theoretical distribution is 
right. This being so, it is legitimate to proceed and calculate the velocity of 
the a-particle. 

10. The Galcidation of the Velocity, 
Equation (15) gives for the area under consideration 

P 



I 



QKS (^„j, 7r)' 



where, as before, P has been written for P. 

If y be written for t;"*, and if y is its mean value over the range ri to rg, 
then 

y{r2-ri) = T -, (16) 

QKb (^,n, tt) 

and it is clear that there will be some value, ro, between n and r2 for which y 
has its mean value. This value will be given by the solution of the equation 



'^2 



[g (r) ]-* dr = [g (ro) ]"* [r,-n]. (17) 

The procedure, then, for obtaining the function g (?) from the distribution 
diagram is to evaluate y for each separate area, using (16), and by plotting 

X 2 
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the values so obtained against the values of |-(ri + r2) to obtain an approxi- 
mate expression for g(r). This is then used in (17) to give approximate 
values for Tq, the use of which instead of J (n + ^2) gives a second approxima- 
tion to g (r). This process can be repeated as is found necessary. 

It is interesting to note that in the special case of g {r) being linear, that is 
of the form (A + Br), the solution of (17) is 

n It2 ■^t2 In +1 

where '/ = r + A/B, etc. 

This simple result, which is very useful as a first step in the approximation, 
shows at once that n always lies on the low velocity side of the mid-point of 
the area. For from (18) 

That this should be so is otherwise obvious. 

In the actual calculation of the velocity for each area, it is convenient to 
measure n and t% in divisions of the scale of the microscope, used in the 
measurements of the photographs. If there are q such divisions to 1 cm., and 
if p and M denote the expansion ratio and magnification of the camera 
respectively, while T and p are the initial temperature and pressure of the 
gas, it can be seen that the velocity is given by 

-y = 'K1K.2W, 
where 

Ks^ = pTo/poTi?^M, 

and 

w^ = QS (^m, tt) (r2--ri)/P. 

And it will be seen that while Ki depends on well-established atomic 
constants only, K2 involves all the directly measured quantities, and to is 
given by the results of the statistical investigations. 

The values of S(<^i, ^2), which are required for the experiments with air 
and argon now to be described, are given below. For the former, the value 
of 17 is 1/3-6 and the integration was done graphically. For argon, 97 is equal 
to 1/10, and the integration was carried out term by term, after expansion of 
the integrand in terms of ascending powers of r). It can easily be seen that 
for i| equal to zero (8^1,^2) reduces to (cot%/2--cot2^2/2), which is the 
expression given by Kutherford. The values tabulated are for S(^, tt), from 
which the values of S((^i, ^2) can be obtained by subtraction. The values of 
cot ^^/2 are given for comparison. 
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Table I. 



c\>. 



O . 


10°. 


15°. 


20°. 


25°. 


30°. 


35°. 


40°. 



60' 



n = 1/3 -6 
77 = 1/10 
9? - 



S (<^, tt) 
cot>/2 



524 


121-5 


47-4 


27-0 


16-4 


10-4 


6-8 


4-4 


624 


127-1 


54-8 


29-7 


18-1 


12-0 


8-5 


6-1 


524 


130-7 


57-8 


32-2 


20-3 


13-9 


10-1 


7-6 



1-i 

2 1 

8-0 



11. The Experiments with Argon. 

The first actual experiments were carried out with a mixture of 75 per 
cent, argon and 15 per cent, nitrogen, since the high atomic number of argon, 
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compared with air, results in many more bends being made by the a-particles. 
The distribution of bends made by the 281 tracks which were considered is 
shown on fig. 6. This diagram was divided for analysis into four areas, the 
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limits of which were 3 to 7, 7 to 15, 15 to 30, and 30 to 100 divisions.^' 
Within each area the number of dots P between given limits <^i and c^2 were 
counted, and are shown in Table II. Below each number P is the expected 
number P, obtained as described above, by putting P for the whole area from 
TT to ^rti equal to P for this area, ^^ being the limit of c^ beyond which the 
distribution is clearly not in agreement with the theory. The values of P 
below this limit are enclosed in brackets. 



Table II. 



^b ^2- 


20, 30. 


30, 40. 


40, 50. 


50, 60. 


60, 70. 


70, 80. 


80, 90. 


90, 180. 


r, = 3 [P 


(11) 
18-5 

(21) 
71 

(12) 
82-8 


(20) 
62-4 

(17) 
23-6 

8 
10-9 


(22) 

27-7 

16 
10-4 

7 
4-8 


(8) 
14-2 

5 

5-4 

2 
2-5 


13 
12*3 


7 


6 

4-7 


8 


^^2= 7ip 


9-9 




^ 




n = 7 JP 

r^ = 151p ,,.. 


7 

6 

^ , , , , , , , . - 


■ 5 
2*4 


f\ = 15 rp 


' V ■ - 

5 


^2 = 30Vp 


3-8 


^b </>2. 


10, 20. 


20, 30. 


30, 180. 




n = 30 JP ...... 

ra - 100 tP 


20 
19-9 


3 

8-6 


3 

2-4 













It will be seen that there is a rough agreement between the two sets of 
numbers. Further, since the value of F for the 16 cells to which the 
numbers relate is found to be 11*3, we can conclude that the observed 
distribution is consistent with that expected theoretically. 

An objection may be made as to the arbitrary nature of the choice of <][)„j. 
The justification for the procedure lies in the fact that the observed numbers 
in ail cases agree with those expected for the higher values of <^, while they 
are invariably less for small values. This reduction in apparent frequency 
may be real, and due possibly to electronic screening, but many more experi- 
ments would be needed to establish it with certainty. The measurements on 
the actual photographs were carried down to a distance of about one-sixth of 
a millimetre from the end of the tracks, and their curlyness, so close to the 
end, makes it difficult to place much confidence in the number of small 
angle bends. 

Since the observed and expected distributions are in agreement for values 
of <^ greater than «^„j, we can proceed to calculate the velocities. 

'^ 126 divisions correspond to 1 cm. equivalent range at N.T.P. 
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Putting No = 2705 x lO^^ . ^ ^ 171 e;^ 
M = 6-56 X 10-2^ ; we find that 

Ki = 1-03 X 101 



E 



26; e = 4-77 X IQ-i'^ 



give 



The values 760, 288, 1-22, 1/1-67 and 176, for P, T.^;, M and ^ respectively 

Kg = 0-295, 




while the values of %o for the four areas are found to be 2*89, 4'81, 6'94 and 
17*65 respectively. 

If we now express the velocities as fractions of the initial velocity of 
<3d-particles from radium c, which will be taken as 1'922 x 10^ cm. per second, 
we obtain the following values for vjvo. 

Table III. 



i(n + ^2) 

^K 

^0 

Range (in cm.) 



In the first row is given the distance of the mid-point of each area from 
the end of the track, and in the second row the corresponding values of 
vjv(i. These are plotted as dots in fig. 7. The constants of the straight line 
which passes roughly through the points are used to evaluate tq for each 
area, according to equation (18). The last row gives these values the 
equivalent range reduced to centimetres in the gas at 15° and 760 mm. As 
circles in fig. 6 are plotted these final values of vjv^^ and ro and the smooth 
curve through the points represents the approximate form of the function ^(r) 
Owing to the limited number of tracks considered not much weight can be 
given to the actual curve, but the general magnitude of the velocity of the 
particles at these short distances from the end of the track is unmistakable. 



■^ In the case of two mixed gases of atomic numbers z^ and % of which there are 
ft] and % atoms per unit vohime, the total number of bends is proportional to 

neglecting the correction due to the motion of the nucleus, which can be seen to be 
small. In these calculations the mixed gases were considered as simple gases of atomic 
number Zq where 

For a mixture of 75 per cent, argon and 15 per cent, nitrogen Zq = 17*1. 
For air Zr, = 7*25. 
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12. The Experiments with Air, 

The next work was carried out with tracks in air. The procedure was 
exactly as described for the argon tracks except that more tracks were 
observed, but not all of them measured up for all types of bend. The object 
was rather to determine the form of the function g (r) than to verify the 
distribution with regard to angle over greater limits than were sufficient for 
the former purpose. Thus all bends down to the smallest observable angle 
were counted and measured for large values of r, while only bends over some 
lare^er angle were observed for the smaller values. The total number of 
tracks considered was 1524 

Putting N = 2 X 2-705 x 10^^ and e = 7*25 e we get Ki = 8-08 x 101 

The measured values of P, T, j?, M and q were 760, 288, 1*33, 1/1*62 and 
153*3, which give K2 = 0*295. 

The results of the statistical investigations are given in Table IV, and the 
final results of the experiment in Table V. In these Tables 126 divisions are 
equivalent to 1 cm. range at F.T.P. 
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Table IV. 



<?>]> </>2- 


30, 40. 


40, 60. 


60, 180. 


n^ SfP 

f 2 = 5\ J» .^ 

n= 5rp 

^2 = ioip 


.... 

12 
16-5 


15 
16-5 

12 

9-0 


7 
5-5 

5 

3-0 


(pli <p2' 


15, 20. 


20, 25. 


25,40. 


40, 180. 


ri = iorp 

^2 = 201p 


15 

16 -7 


10 

8-7 


9 

9-8 


5 
3-6 


Ph i>i' 


■ 

10, 15. 15, 20. 


20, 180. 


ri == 20 JP 

r, = 35tp... 

ri = 35 fP 

r2- 60tp 

ri = 60 rP 

7-2 = 1401P 


11 
13-4 

(9) 
25 

13 
17-7 


4 
3-7 

6 
6-9 

11 
5-6 


7 
4-9 

10 
9-1 

5 

7-4 



Table V. 



n, ^2- 


3, 5. 


5, 10. 


10, 20. 


20, 35. 


35, 60. 


60, 140. 


<f>m 


40 


30 


20 


10 


15 


10 


P 


22 


29 


39 


22 


16 


29 


Q 


444 


447 


447 


447 


1524 


1600 


v/Vq 


0'046 


0-067 


0-126 


0-173 


0-229 


0-334 


^in + r^) 


4 


7-5 


15 


27-5 


47-5 


100 


ro 


3-8 


7-2 


14-5 


27-3 


46-0 


91 


^0 


3-8 


7-0 


13-9 


26-2 


45-6 


89 


Range (in cm.) ......... 


-0302 


-0555 


0-111 


0-208 


0-362 


0-707 



The value of F for this distribution is 13*7 while n — 1 is 16, so that we 
conclude that the theoretical distribution is the right one. 

The points marked by dots on fig. 8 show the values of vJvq plotted against 
|(ri + r2). The curve through these points was taken as linear over the 
breadth of each area, and the value of A/B for each part used to calculate the 
values of ro given in the sixth row. The points given by the values of 
v/vo and ro were found to lie closely on a curve represented by 
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Using this expression in (17), the values of n in the seventh row were obtained. 
The close agreement with the values in the previous row showed that the 
process of approximation had been carried far enough. The last row gives the 
final values of Tq reduced to ranges in centimetres of gas at N.T.R The 
points on fig. 7 marked with a circle represent the values of vJvq are plotted 
against the final values of n, and the comparison of the two curves indicates 
the difference between the first and the last approximation to the function ^(r). 



13. Discussion of Eesidts. 

The agreement that has been found in these experiments between the 
observed and expected distributions allows us to deduce certain conclusions 
about the dynamics of the collisions. 

In considering the question of the degree of verification given to the 
assumptions on which the theory is based, it must be remembered that 
there will be other average distributions appreciably different from that 
given here, which would be equally consistent with the observations. The 
latitude in the choice of such theoretical distributions will of course decrease 
as the number of observations increase, but with such a limited number as 
are here available, it is only possible to specify the general type of average 
distribution. Consequently, the only assumptions that can in any way be 
considered as verified are those to changes of which the theoretical distribu- 
tion is sensitive. 
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Now it has been shown by Darwin* that such a distribution is sensitive to 
modifications of the law of force, the substitution of an inverse cube law, 
for instance, markedly altering the average distribution. Thus the observed 
agreement can be considered as indicating the existence of a law of force 
not mu^ch different from that of the inverse square. But it is less easy to 
decide to what degree the energy and momentum assumptions are verified. 
By far the most delicate test of these last is obtained by the study of 
individual branched tracks, into the consideration of which the law of force 
does not enter. 

As to the question of the region in which the existence of inverse-square 
law is supported, it is necessary to calculate the maximum and minimum 
apsidal distances* of the orbits corresponding to the deflections considered. 
In the case of both argon and air, the most intimate orbits are those in 
which an a-particle of velocity about 0*45 % is deflected through an angle of 
about 30°, while the least intimate are those in which particles of velocity 
0*04 '^0 are deflected through 60° and 40° respectively. The apsidal distances 
in these cases are about 7*4x10"^^ and 5*4x10"^^ cm. for argon and 
3*2x10"^^ and 3*7x10"^^ cm. for air. And since an orbit is appreciably 
determined by the forces at distances considerably greater than the apsidal 
distance, it can be said that these experiments support the hypothesis that 
the inverse-square law holds between the nucleus and an «-particle when 
their distance apart lies between about 7 x 10"^^ and 10"^ cm. in the case of 
argon and 3 x 10""^^ and 5 x 10""^^ cm. in the case of air. It is interesting to 
note that the upper limit for argon is considerably greater than the 
distance of the K ring electrons from the nucleus. From the results, how- 
ever, it appears possible that, especially in the case of argon, there is a 
departure from the inverse-square law at distances greater than those given. 

It will be noticed that no confirmation of the magnitude of the nuclear 
change can be obtained from these results unless the velocities here calculated 
are independently confirmed. But the discovery that the velocities in air and 
argon are found to be almost identical close to the end of the range, in spite 
of the fact that bends in general are about three times more frequent in 
argon than in air, does indirectly confirm the assumption. For the range in 
argon of an a-particle from polonium has been showu by Adamsf to be only 
12 per cent, greater than in air, so that it would be expected that the relation 
between the velocity and the range would also be similar. 

The analysis reveals the existence of a-particles of very low velocity 
compared with any that had been observed before. It appears that cc-particles 

* Darwin, loc, cit. 

t Adams, ' Phys. Eev.,' vol. 24, p. 113 (1907). 
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at a distance of about a quarter of a millimetre from the end of the track 
have a velocity about 0'04:Vq. Now it can easily be seen that this is just 
about the minimum velocity which must be possessed by an a-particle in 
order that it should impart to a free electron energy corresponding to a 
fall through 13-5 volts. In other words, the minimum velocity measured is 
roughly that at which the a-particle may be expected to lose its ionising power 
in air. 

There is considerable difficulty in comparing these results with the data 
obtained by other methods, for the reason that these results refer to the average- 
velocity of a number of ci-particles at a given distance from the end of the 
track, while all other results refer to the average properties of a beam of 
a-rays at a given distance from the source. However, Marsden and Taylor*' 
have shown that the function g(r) is of the form r^^^ when the absorbing- 
material is air, and r is greater than about 2 cm., while both their work with 
heavy metals as absorbing material and the theoretical investigation of Bohr 
suggest that for lower velocities the speed of the particles will be proportional 
to some higher power of r. 

The present results are fully in accord with this view since, as has already 
been mentioned, the relation 

appears roughly to represent the observations, which are all for values of r 
less than 1 cm. But it does not seem possible without further data to discuss 
usefully the transition between these two approximate impressions for g (r). 
For it muBt be remembered that the statistical investigations are based on 
the assumption that an ci-particle of given velocity will travel a given 
distance. If, as has recently been suggested by Henderson,t a large degree of 
straggling occurs in the last few millimetres of the range, this assumption 
will be only very approximately true. But though it is unlikely that the 
neglect of this phenomenon in the analysis can seriously affect the order of 
magnitude of the calculated velocities, it must certainly instil caution against 
attaching undue weight to the exact form discovered for the relation between 
the velocity and the remaining range. 

In conclusion, it may be said that the recent measurements by KapitzaJ of 
the heating effect. of a beam of a-rays give, for the average velocity at a given 
distance from the end of the learn, values nearly the same as those given by 
the statistical method for the average velocity at a given distance from the 

* Marsden and Taylor, * Eoy. Soc. Proc.,' A, vol 88, p. 443 (1913). 
t Henderson, 'Phil. Mag.,' vol. 42, p. 538 (1921). 
X Kapitza, ' Eoy. Soc. Proc.,' vol. 102, p. 48 (1922). 
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-end of each track. The actual values are shown below, and refer to air at 15 
and 760 mm. : — 



KO 



Distance from source (in cm.) 

Distance from end of beam (in cm.) 

Heating effect (Kapitza) 

Frequency of bends 




7-07 


0-084 




If no straggling occurred this agreement would be expected. In view of 
the large degree of straggling which does occur, it is a little difficult to account 
either for this agreement or for the disagreement which would be shown if 
the straggling were to be taken into account. 

14. Summary. 

1. Mr, C. T. E. Wiison*s expansion method was used to study in detail the 
passage of a-rays through air and argon, attention being especially directed 
to the latter part of the range. 

2. The frequency of large angle deflections was found from the study of 
the photographs of a large number of tracks, and compared with that to be 
■expected on the nuclear theory of the atom. 

3. The agreement found indicates that the inverse square law holds between 
the nuclei and the a-particle, when their distance apart lies between about 
7 X 10"-^^ and 10""^ cm. for argon, and 3 x 10"^^ and 5 x 10""^^ cm. for air. 

4. The velocity of the cc-particle along the latter part of its range was 
•determined from the frequency of bends and found to be as low as %/20 very 
near the end, where Vq is the velocity of the a-particles from radium C. 

5. No anomalous effect was discovered either as regards frequency or type 
of collision. 

My thanks are due to Sir Ernest Eutherford for his continual interest and 
advice throughout this work. 



DESCRIPTION OF PLATE 2. 

All these reproductions are 3*06 times larger than the photographs. 

Nos. 2 to 5 are of tracks in argon, for which p = 1*22, M = 1/1*67. Hence these tracks 
are 2*24 times larger than they would be in the gas at 15°, 760 mms. 

Nos. 6 to 11 are of tracks in air, for which p = 1*33, M == 1/1*62. Hence these tracks 
are 2*51 times as large as they would be at 15°, 760 mms. 

In all the photographs 1 cm. corresponds to about 60 divisions of the microscopic scale. 

No. 2. — The long track shows a bend (75°, 23) followed by a short hook near the end. 

No. 3.— A single (109^ 8) bend. 
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No. 4. — A (63°, l?) followed by a (48°, 6) on the long track. The two images have their 
ends nearly super-imposed. Also a (140°, 16) lower down the photo. Note the short 
" spur " to this latter and compare it with the long spur due to the lighter "air" 
atom in No. 10. 

No. 5.— A (31°, 26) followed by an (80°, 1). 

No. 6. — One track showing an early bend (20°, 65) with a small spur. 

No. 7. — A (42°, 19) bend also showing spur. 

No. 8. — A (52°, 16) with a long spur. The left-hand image marked by an arrow shows 
that the three parts of the track are co-planar. 

No. 9. — An early bend (39°, 18) with long spur. The unusual breadth of the r.-li. image 
is probably an optical effect. 

No. 10. — A marked bend (132°, 18) indicating a nearly head-on collision. The r.-h. image 
is marked by an arrow. 

No. 11. — A remarkable :track showing an (895°, 59) bend. The direction of the 
initial part of the track upwards. The l.-h. image shows the remaining part 
of the track very much foreshortened. The long spur shows two marked bends,, 
evidently due to collision of the recoil atom itself with two atoms of the gas. Tliis 
track is the most suitable for accurate measurement, and for it the mass ratio ??z/M 
is found to be 3'3. Almost certainly then the atom collided with is a nitrogen 
atom. 



On the Structure and Chemical Activity of Copper Films, and the 
Colour Changes accompanying their Oxidation. 

By C. N". Hinshelwood, B.A., Fellow of Trinity College, Oxford. 
(Communicated by Prof. J. W. Nicholson, F.E.S. Eeceived August 30, 1922.) 

When the surface of a metal is exposed to the action of a gas with which it 
reacts chemically, brilliant colour phenomena are frequently produced. In 
some cases the colours are recognised as diffraction colours, produced by the 
scattering of light in the surface film, and not as simple interference effects. 
When this is found the film must have a more or less complex structure, fine 
grained compared with the wave-length of light, but of a coarse-grained 
granular nature compared with molecular magnitudes. The work of Beilby 
has drawn attention from other points of view to the complex structure 
which the surface layers of metals, or thin films of metals, may assume. 

It seems to be of considerable importance to correlate the chemical activity 
of such surface films with their structure, in view of the bearing this correla- 
tion may have on the problems of heterogeneous catalysis. 

A first attemxpt in this direction is made in this paper, the reaction 
investigated being the oxidation and reduction of a copper — copper oxide 
film on the surface of metallic copper. 

The general nature of the phenomena observed is as follows : When bright. 
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DESCRIPTION OF PLATE 2. 

All these reproductions are 3"06 times larger than the photographs. 

Nos. 2 to 5 are of tracks in argon, for which p = 1'22, M = 1/1-67. Hence these tracks 

are 2'24 times larger than thej would be in the gas at 15°, 760 mms. 
Nos. 6 to 11 are of tracks in air, for which p = 133, M = 1/1 ■62. Hence these tracks 

are 2'ol times as large as they would be at 15°, 760 mms. 
In all the photographs 1 cm. corresponds to about 60 divisions of the microscopic scale. 
No. 2. — The long track shows a bend (75°, 23) followed by a short hook near the end. 
No. 3.— A single (109°, 8) bend. 
No. 4. — A (63°, 17) followed by a (48^, 6) on the long track. The two images have their 

ends nearly super -imposed. Also a (140°, 16) lower down the photo. Note the short 

"spur" to this latter and compare it with the long spur due to the lighter "air" 

atom in No. 10. 
No. 5.— A (31°, 26) followed by an (80", 7). 

No. 6. — One track showing an early bend (20°, 65) with a small spur. 
No. 7. — A (42°, 19) bend also showing spur. 
No. 8. — A (52°, 16) with a long spur. The left-hand image marked by an arrow shows 

that the three parts of the track are co-planar. 
No. 9. — An early bend (39°, 18) with long spur. The unusual breadth of the r.-h. image 

is probably an optical effect. 
No. 10. — A marked bend (132°, 18) indicating a nearly liead-on collision. The r.-h. imago 

is marked by an arrow. 
No. 11. — A remarkable :track showing an (895', 59) bend. The direction of the 

initial part of the track upwards. The l.-h. image shows the remaining part 

of the track very much foreshortened. The long spur shows two marked bends, 

evidently due to collision of the recoil atom itself with two atoms of the gas. This. 

track is the most suitable for accurate measurement, and for it the mass ratio mIM. 

is found to be 3'3. Almost certainly then the atom collided M'ith is a nitrogen 

atom. 



